A stylized phantom of forearm and hand was developed to assess extremities doses of workers in Positron Emission Tomography practices. This hand phantom was then coupled to a whole body ADAM phantom in order to evaluate eye lens doses as well. A case study, using 18 F-FDG as the radiopharmaceutical, was simulated with the Geant4 Monte Carlo toolkit. Equivalent Dose values were obtained in 45 different points -in dominant and non-dominant hands and eye lens -for radiopharmaceutical administration procedure, with the use of injection syringe shielding. According to the data obtained, it can be observed that the most exposed points tend to be the index finger tips and the middle fingers for the dominant hand and the index finger for the nondominant hand, the highest dose reaching 23 times higher than the pulse dose. Both the dose estimates for extremities and eye lenses remain below the limit established by the CNEN standard NN-3.01 of 2014. From the obtained data, we can conclude that a good alternative for monitoring of eye lens is done positioning the dosimeter near the temples. For extremities it is recommended to use dosimetric rings at the base of the most exposed finger.
INTRODUCTION
Positron Emission Tomography (PET) -increasingly used also for the purpose of evaluating the therapeutic response and staging of pathological manifestations -uses radionuclides, introduced into the body generally by intravenous route, of extremely short half-life, to provide biochemical body images. The introduction of this technology in Brazil was only possible with the beginning of the production of fluordesoxyglucose (FDG) radiopharmaceutical by the year 1999, as a tracer for this modality of tomography, in parallel with the use of conventional radiopharmaceuticals. Interest in this practice increased further after the introduction of the PET technique combined with the computed tomography (PET/CT) system, which allowed obtaining anatomical and metabolic or functional information in vivo in a single image scanning session. [1, 2, 3] .
The energy of the annihilation photons (511 keV) generated by positrons of the 18 F is 3.65 times higher than the energy of the photons generated by 99m Tc (140 keV) and 1.4 times higher than those produced by 131 I. Nuclear Medicine professionals who are involved in activities related to high energy emitters are considered to be the group with the highest radiation exposure [4] .
According to the CNEN NN 3.05 Brazilian norm, of December, 2013 ("Requirements of Security and Radiological Protection for Services of Nuclear Medicine") it is recommended the use of dosimeters located in the thorax, and dosimeters of extremities for external individual monitoring, for workers in controlled areas.
Workers executing PET procedures are routinely monitored using dosimetric rings and wristbands and / or dosimetric films and pocket dosimeters. However, dosimetric analysis of these workers is required, since the exposure of extremities during administration of 18 F-FDG is considered relatively high and non-uniform, and the distribution of doses in the hands of a worker varies greatly during a procedure, as well as from person to person [5] . The main objective of this work is to obtain information about the dose distribution in extremities and eye lens -from Monte Carlo simulations with the Geant4 toolkit -of occupationally exposed individuals in Positron Emission Tomography (PET/CT), resulting from administration of the 18 F-FDG radiopharmaceutical.
Considering that extremities dosimeters are only recommended in activities where doses in the hands may be significantly higher than in the chest and that the annual dose limit for the eye lens has been reduced, in 2011, from 150 mSv to 20 mSv/year, a better grasp on exposure conditions in nuclear medicine is necessary. This work aims to obtain more information about the dose distribution in extremities and eye lens in the procedure of administering the 18 F-FDG radiopharmaceutical with the use of injection syringe, with and without shielding.
MATERIALS AND METHODS
For this work, the Geant4 Monte Carlo toolkit was used to implement a geometric phantom representing the hand of the professional involved in this clinical procedure, with hand and forearm dimensions of the standard man, to evaluate the extremity exposure.
Considered a software package, Geant4 provides the possibility of physical modeling in a fully flexible structure. It encompasses particle tracking -including leptons, photons, hadrons, and ions; geometry description; interface for physical processes that encompass interactions over a wide range of energy, -external graphical interface, and user interface systems [6] . The trend of modern experimental science is the growing reliance on tools that allow the simulation and interpretation of data in fields such as high energy physics [7] .
For the construction of the phantom in Monte Carlo Geant4 code, simple geometric solids were used to model the bones, soft tissue and skin of the upper limbs (forearm and hand). It was considered only cylinders for the representation of the bones, as well as the fingers; for the projection of the region comprising the palm of the hand, a rectangular prism was used, and an elliptical base prism was used for the forearm segment ( Figure 1 ).
The specifications for anatomical parts representing the fingers and phalanges were composed of three groups of cylindrical solid segments (proximal, middle and distal phalanges). From the specificity of these vertices the geometric phantom becomes capable of promoting movements simulation, by defining angles in the joints between the phalanges.
The geometric phantom, defined from a simple configuration of angles for joints in its phalanges, allows investigations in any positioning that requires only the malleability of the fingers, such as procedures that use injection syringe.
The program was validated from the irradiation of a REMAB® physical phantom, air kerma measurements with thermoluminescent crystals and comparison with values obtained in the simulation. The criteria for validation of the program obeyed the anthropometric parameters of width and length, as well as materials, which make up the REMAB® phantom described by ICRU 48 [8, 9] . Next to the hand and forearm phantom the ADAM phantom was implemented for evaluation of dose in eye lens and extremities concomitantly. The ADAM phantom has its body and organs described by mathematical expressions that represent cylinders, ellipses, spheres, cones, among others, besides combinations between these solids [10] . The masses of organs, mass and body height of the ADAM phantom correspond to the data recommended by ICRP 23 for standard man [11] (Figure 2 ). A representation of both the stylized whole body phantom and forearm and hand phantom in the Geant4 code can be seen in (Figure 3 ). For data collection, the phantom had the angles of the finger joints positioned to hold a 3 ml injection syringe (polyethylene material) used in PET procedures during administration of 18 F-FDG to the patient. For a PET radiopharmaceutical procedure, the syringe is protected with a 6 mm tungsten shield. Figure 6 shows an actual injection procedure and the simulation of this procedure in the Geant4 code. [12] . Right: simulation in Monte Carlo Geant4 code.
During the simulation, in each segment that corresponded to the syringe plunger, random emissions of medium energy positrons were generated, according to the decay spectrum of the 18 F radionuclide [13] . The values of absorbed dose obtained in simulation -for all the TLD positioning points considering homogeneous media -allowed the use of shielded syringe (of 6 mm thick tungsten material) according to the actual shielding used in nuclear medicine in PET scanners.
RESULTS AND DISCUSSION
Estimates of daily and annual equivalent doses in the skin for dominant and non-dominant hand were made from the absorbed dose values obtained by Monte Carlo Geant4 code simulation. To obtain the daily dose values, it was considered that a professional in nuclear medicine service manipulate the radiopharmaceutical using a syringe shield, in a 40 seconds average time (exposure time), performing five procedures per day (on average). For these calculations, the recommended administration of an activity of 370 MBq (10 mCi) of 18 F-FDG in injection syringe was also considered for a standard adult of 70 kg mass [12, 14] .
For an annual equivalent dose estimate, it should be considered this same professional performing a total of six PET procedures per work day, twice a week, which leads to about 530
procedures per year.
The obtained values for absorbed dose and the estimated equivalent dose values can be found in Tables 1 and 2 , where each value is related to the corresponding analysis segments (Figure 4 ). According to the data obtained and related in Tables 1 and 2 , it can be observed that the most exposed points -for the studied geometry ( Figure 6 ) -tend to be the index finger tips and the middle fingers for the dominant hand and index finger for non-dominant hand.
It is important to highlight that the dose estimates found for the wrist are 23 times lower than the most exposed point for the dominant hand, for example. Thus, measurements with a dosimetric ring, being placed at the base of the most exposed finger would only underestimate at five times the estimated equivalent dose in the hand. Therefore, measurements taken with dosimetric rings would be better estimating the equivalent dose at the ends than wristbands.
As in Kubo & Maurício [12] , the data obtained indicate that the use of dosimetric wristbands does not prove to be the best alternative for dose estimation in extremities.
Merce et al. [15] estimated the dose received by workers during the injection and fractionation practices of the radiopharmaceutical in 11 points between the thumb, index, middle and ring fingers, as well as pulse -for dominant and non-dominant hands. As results, we observed that placements in the index finger and thumb presented higher doses. Thus, the use of dosimetric rings at the base of the index finger is a better alternative for the monitoring of workers, since the pulse is the least exposed point. Non-dominant hand positions were also identified as more exposed.
For the studied geometry, according to the data presented in Tables 1 and 2 , none of the analyzed points registered a dose greater than 150 mSv. However, points at the base of the index and middle fingers of the non -dominant hand are very close to the level for investigation at annual equivalent dose for extremities (150 mSv) defined by CNEN -NN -3.01 brazilian norm, of March 13, 2014 [16] . Table 3 shows the data on the dose estimates for eye lens. Regarding the data presented in Table 3 , the estimated dose values for eye lens remain below the limit established by CNEN brazilian norm (20 mSv annually). Positions for monitoring the dosimeter near the temples are a good alternative since the values obtained in these points are close to the values obtained directly in the lens of the ADAM phantom.
CONCLUSION
The simulations shows that the most exposed points tend to be the index finger tips and the middle fingers for the dominant hand and the index finger for the non-dominant hand, with the highest dose reaching 23 times higher than the pulse dose. Moreover, the base of the most exposed finger presents values five times smaller than the tips of the fingers. Thus, measurements with a dosimetric ring, being placed at the base of the finger more exposed, would be underestimating in five times the equivalent dose estimate in the hand.
In case of option for the use of dosimetric ring by the Nuclear Medicine workers in an 18 F-FDG injection procedure, the tendency would be to place it in the dominant hand. However, the bases of the fingers of the non-dominant hand are the points which would be most exposed.
As in Kubo & Maurício [12] , the data obtained show that the use of dosimetric wristbands does not prove to be the best alternative for estimation of dose at the extremities. According to the data in Table 5 , it is also clear the importance of the use of injection syringe shielding.
The estimated dose values for eye lens remain below the limit established by CNEN brazilian norm (20 mSv annually). Positions for monitoring the dosimeter near the temples are a good alternative since the values obtained in these points are close to the values obtained directly in the lens of the ADAM phantom.
